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PREFACE

In March 1984, a meeting was held in Tucson, Arizona, to
review the technical progress of the U.S. Geological Survey's
program on Toxic Waste--Ground-Water Contamination. This report,
one of a series published as a result of the meeting, provides a
brief description of the major components of the Toxic Waste--
Ground-Water Contamination Program and includes selected overview
and research papers presented at the March meeting.
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PROGRAM OVERVIEW AND SELECTED PAPERS FROM THE
TOXIC-WASTE PROGRAM TECHNICAL MEETING:
TUCSON, ARIZONA, MARCH 20-22, 1984

By Stephen E. Ragone and Dennis J. Sulam, editors
INTRODUCTION

The U.S. Geological Survey’s Program on Toxic Waste--Ground-Water
Contamination, hereafter referred to as the Toxic-Waste Program, was begun
in fiscal year 1982! to coordinate and support Geological Survey projects
and research relating to toxic-waste contamination of aquifers (Ragone,
1984). The program supports several types of studies which range from basic
research to applied field studies. The basic-research component addresses
the chemical, physical, and microbiological processes that affect contami-
nant occurrence and transport in the subsurface. Field studies consist of
regional nonpoint source contamination research and interdisciplinary
research of point-source contamination. An additional component of the
Toxic-Waste Program is the development of scientific guidelines for siting
hazardous-waste-disposal facilities.

Information obtained through these studies has wide application in
local and regional efforts to protect the Nation'’'s ground-water resources.
For example, new improvements in sampling and analytical methods will help
to ensure that water samples collected for analysis are representative of
the source from which they were obtained and that the results are reliable.
Research findings that help to explain and predict the occurrence and move-
ment of chemical contaminants within an aquifer system will be useful in the
prevention or mitigation of ground-water contamination problems.

Although many of these studies are conducted independently by Geolog-
ical Survey scientists, 1t is the intent of the Toxic-Waste Program to
enable researchers in the Geological Survey and in other Federal agencies
and universities, to share the information. One approach is to encourage
collaboration at the field sites. This collaboration brings new perspec-
tives and techniques to the field and promotes the application of basic
research findings to real-world problems.

A second way in which the Toxic-Waste Program makes the information
from these studies accessible to the technical community is through the
publication of reports. This volume describes the Toxic-Waste Program and
presents 10 of the papers that were given at the 1984 meeting in Tucson,
Ariz. 1t is the fourth volume to be issued in this series. Other reports
describing results of studies supported by the Toxic-Waste Program are
mentioned in the following pages and are referenced at the end of this
section (p. 7). For convenience, an abstract of each paper given herein is
included. (See p. 5.)

l1Fiscal year extends from October 1 through September 30.



THE TOXIC-WASTE PROGRAM

The Geological Survey'’'s Toxic-Waste Program, established in fiscal

year 1982, consists of four components:
disciplinary point-source contamination research;

(1) basic research;

(2) inter-

(3) regional nonpoint

source contamination research; and (4) development of guidelines for siting

hazardous-waste-disposal facilities (fig. 1).

briefly described below.

Each of

these components is

BASIC RESEARCH

Major Disciplines

Hydrology

Geology

Geochemistry (organic
& inorganic)

Microbiology

Solute transport

/

AN

Interdisciplinary Point-Source
Contamination Research
(Contaminant-Location)

Development of Guide-
lines for Siting
Hazardous-Waste
Facilities

Crude oil—Bemidji, Minn.

Creosote/Pentachlorophenol—
Pensacola, Fla.

Sewage—Cape Cod, Mass.

Metals—Tar Creek, Okla.

Regional Nonpoint Source
Contamination Research
Conn. Texas
N.Y. (2 studies)
N.J. N.M.
Penn. Calif.
N.C. La.
Fla. Miss.
Kan. (1 study)
Colo.
Neb.

(No field work
associated with
this program
component)

Figure 1.--Components of the U.S. Geological Survey'’s Program on Toxic
Waste--Ground-Water Contamination, fiscal year 1984.

Basic Research

Efforts to solve the Nation’'s hazardous-waste and ground-water contam-
ination problems requires knowledge of the physical, chemical, and micro-
biological processes that determine the subsurface movement and fate of

contaminants.

Studies conducted since the early 1970's throughout the

Nation have helped to explain these basic processes but, at the same time,




have demonstrated that natural ground-water systems can be extremely complex
and difficult to study. The objective of the basic research component of
the Toxic-Waste Program is to increase current understanding of the physi-
cal, chemical, and microbiological processes in the subsurface in order to
better describe the transport and fate of ground-water contaminants. Some
studies also are addressing processes that occur within the unsaturated zone
and within surface waters to evaluate their effect on ground water and the
movement of contaminants. Basic research provides earth-sciences knowledge

in support of the other components of the Toxic-Waste Program described
next.

Interdisciplinary Point-Source Contamination Research

To evaluate the extent to which present hydrologic knowledge can be
used to quantitatively describe ground-water conditions, scientists from the
U.S. Geological Survey and universities representing the major earth-science
disciplines began studies in fiscal year 1983 at four ground-water-contami-
nation sites. The sites represent contamination resulting from: (1) a
crude-o0il pipeline break near Bemidji, Minn., (2) the infiltration of
creosote and pentachlorophenol from waste-disposal pits near Pensacola,
Fla., (3) the infiltration of treated sewage on Cape Cod, Mass., and (4) the
migration of zinc, lead, and cadmium from abandoned mining operations near
Tar Creek, Okla. The contaminants at these sites are commonly associated
with ground-water contamination elsewhere within the Nation. Thus, the
field studies not only have helped to develop an understanding of the
processes that affect contaminant transport at each site, but the knowledge
gained through these studies has transfer value to sites in similar

hydrogeologic and climatic settings at which similar contamination has
occurred. :

Even though the studies at these four sites are predominantly ground
water oriented, they include some study of the unsaturated zone and of

surface water as possible sinks or sources of organic or inorganic constit-
uents.

The site investigations began with the development of a work plan to
aid in the exchange of information and ideas among the individual re-
searchers and to ensure that all major processes that affect contaminant
transport were being considered. Papers presented at the meeting in Tucson
in 1984 which summarized the first year of research at the Bemidji,
Pensacola, and Cape Cod sites have been published as separate volumes (Hult,
1984; Mattraw and Franks, 1986; and LeBlanc, 1984). Work at these sites and
the Tar Creek site is continuing. Studies of ground-water contamination by
gasoline and chlorinated hydrocarbons in the Yakima River Valley, Wash., and
Picatinny Arsenal, N.J., began in 1985.

Regional Nonpoint Source Contamination Research

About half of the population of the Nation relies on ground water as a
source of drinking water. In some places, for example, Florida, New Mexico,
and Long Island, N.Y., ground water supplies more than 90 percent of the
population. Although only a small percentage of ground water is presumed to
be affected by point-sources of contaminants (Lehr, 1982), the billions of



gallons of wastes infiltrating the ground annually from a variety of indus-
trial and domestic point sources (Miller, 1980), indicates a high potential
for widespread ground-water contamination. In addition, nonpoint (diffuse)
sources, of contamination from differing land uses may also affect ground-
water quality. Pesticides, for instance, have been found in ground waters
in many States as a result of their widespread agricultural use (Cohen and
others, 1984), and sewage disposal has affected the quality of ground water
in many areas that use domestic inground water-disposal systems (Katz and
Ragone, 1980).

Although evidence suggests that every State has ground water that has
been and continues to become contaminated, our knowledge of these occur-
rences has come after the fact and unsystematically. This is for several
reasons: (1) our ground-water resources are vast, inaccessibile, and can be
within extremely complex systems; (2) we are unable to collect samples in
sufficient quantity to form a representative sampling; and (3) many of the
sampling and analytical methods are relatively new and untested.

In an attempt to evaluate ground-water-quality conditions throughout
the Nation, the Toxic-Waste Program began 14 reconnaissance-phase ground-
water-quality assessments in fiscal year 1984. A detailed description of
the objectives and approach to be used in the assessment is given in Helsel
and Ragone (1984). Briefly, the objective of the assessments is to develop
a systematic approach to collection of hydrogeologic, land-use, and water-
quality data to: (1) provide information on aquifer chemistry, with empha-
sis on organic substances and trace metals, and (2) identify the effects of
hydrologic conditions and human activities, and other natural and anthropo-
genic processes that may affect ground-water quality in similar areas
elsewhere.

The study areas selected for this part of the program range in size
from a few tens to a few thousand square miles. Each area has relatively
uniform climatic and geohydrologic conditions. Also the hydrology and
ground-water flow system within each area are relatively well understood,
and available data on land uses and inorganic chemical quality of ground
water are adequate.

The results of the reconnaissance studies will be used as a basis for
modification of the sampling networks and data-collection schedules to
improve results and cost effectiveness. Additional sampling and analyses
will be scheduled as needed to determine long-term changes and trends. The
frequency of future samplings will depend on such factors as hydrogeologic
setting and land uses.

Development of Guidelines for Siting Hazardous-Waste Facilities

About 90 percent of the solid waste produced in the United States is
disposed of in landfills (National Research Council, 1983). Secured land-
fills (those designed to isolate hazardous wastes from the enviromment), are
the newest form of land-based disposal. However, the long-term integrity of
these sites is not yet established. A potential problem in maintaining the
integrity of landfills is that many of the sites may not have the necessary
geologic, hydrologic, or geochemical characteristics necessary to maintain



waste isolation if engineering measures fail. Earth-science considerations,
along with the economic, engineering, and social criteria are essential in
deciding on the suitability of a site for disposal of hazardous wastes.

The geologic, hydrologic, and geochemical characteristics of the site
need to be identified in order to define the effect of the particular type
and form of waste on the environment. For example, nondegradable wastes
that present a hazard to the environment require permanent isolation from
the biosphere. Burial or injection in a geologic environment, if it is to
provide adequate safety with a minimum of continuing operational or mainte-
nance efforts, must take advantage of geologic, hydrologic, and geochemical
barriers that prevent migration of the wastes to the hydrosphere. Criteria
used to site storage systems of this type include site stability, ground-
water velocities and flow paths, locations of discharge areas, the potential
for chemical retardation of waste movement, conditions favorable for chemi-
cal or biochemical degradation of waste, and, for some wastes, conditions
suitable for deep burial.

Earth-science considerations for long-term containment of hazardous
wastes is the topic of Chapter C herein, which also presents a scientific

approach to the development of guidelines for the disposal and storage of
hazardous wastes.

ABSTRACTS

This section presents abstracts of 10 of the papers given at the March
1984 meeting in Tucson; the papers are given in their entirety further on.
The first three are overviews of pertinent literature on several topics
relevant to the Toxic-Waste Program; the last seven are research summaries
that describe the application of information from earth-science disciplines
to problems in toxic-waste contamination of ground water.

The role of geochemical processes in hazardous-waste studies; by Francis H.
Chapelle. Predicting the mobility of waste derivatives in hazardous-waste
studies requires an understanding of the geochemical processes that affect
waste materials. This paper describes how geochemical techniques such as
mass-balance, chemical-equilibria, and chemical-kinetic calculations, can be
applied to waste-mobility problems. The paper demonstrates the difficulties
in quantitatively treating geochemical processes and discusses the applica-
tion of solute transport and geochemical principles to the study of specific
problems. To this end it presents several examples of how geochemical
principles can be applied.

An overview of organic compounds in ground water; by Anne C. Sigleo. The
transport and fate of organic pollutants in ground water are influenced by
the processes of dispersion, chemical hydrolysis, sorption/desorption, and
biological degradation. This paper describes the hydrologic, geochemical,
and microbiological processes that influence the fate of both biological and
synthetic organic compounds.

The role of earth-science criteria in the selection of hazardous-waste
disposal sites; by Albert M. La Sala, Jr. The selection of suitable sites
for disposal systems of hazardous-waste material should involve the use of




earth-science information in combination with engineering, economic, social,
and environmental-impact considerations. This paper describes a stepwise
process that can lead to identification of sites potentially suitable for
waste-disposal. Factors of geology, hydrology, and geochemistry pertinent
to the long-term safety of disposal sites need to be investigated to develop

a rational, objective basis for siting disposal facilities for hazardous
waste.

Capacities and mechanisms of sorption of organic compounds by water-
saturated and unsaturated soils; by Cary T. Chiou. Mobility of a chemical
in hydrologic and geologic environments is determined to a large extent by
its sorptive interaction with soil constituents. This research paper dis-
cusses characteristics of soil sorption of nonionic organic compounds that
vary with respect to soil composition, moisture content, and solvent medium
from which the solutes are sorbed. In aqueous systems, the controlling
sorptive mechanism is considered to be solute partition into the soil-humic
phase. When soils are fully hydrated, adsorption of the organic solutes by
soil minerals becomes relatively insignificant. By contrast, the soil

uptake of these compounds on dry soils is effected mainly through mineral
adsorption.

Use of detrended correspondence analysis to identify factors that affect the
structure of aquatic communities; by Harry V. Leland and James L. Carter.
Detrended correspondence analysis is shown in this paper to be an effective
method for analyzing biological-monitoring data and displaying major factors
that control the spatial distribution of periphyton and benthic macroinver-
tebrates. The method proved highly sensitive to differences among samples
and consistently provided ecologically meaningful species ordination.

Modeling sorptive processes in laboratory columns; by David B. Grove. A
common type of chemical reaction that occurs during the movement of solutes
in porous media is sorption of the solute onto the solid surface through a
physical attraction or an exchange process. This paper describes sorption
isotherms, discusses the shapes and significance of different slopes, and
describes equations used to evaluate the slopes of isotherms. Computer
codes can be used to compute concentrations of the effluent from a labora-
tory column and the concentration profile within the column.

Microbial populations and nutrient concentrations in a jet-fuel-contaminated
shallow aquifer at Tustin, Califormia; by Garry G. Ehrlich, Roy A. Schroeder,
and Peter Martin. Jet-fuel leakage from unlined earthen pits has contami-
nated a shallow aquifer of low permeability; hence, conventional cleanup
operations are relatively ineffective. This paper discusses a remedial
strategy for cleanup that involves use of indigenous hydrocarbon-degrading
bacteria, which are shown to be present in the aquifer. Laboratory studies
found that nutrient enrichment of jet-fuel and ground-water mixtures stimu-
lated growth of hydrocarbon-degrading bacteria and resulted in the production
of hydrocarbon emulsifiers that might promote dispersion of pockets of
trapped fuel in the aquifer. Injection of inorganic nitrogen, phosphrous,
and oxygen, in conjunction with operation of a conventional depression-pump
and oil-scavenger recovery system, could enhance restoration of the site.




Adsorption and desorption of hexavalent chromium in an alluvial aguifer near
Telluride, Colorado; by Kenneth G. Stollenwerk. An evaluation of reactions
between alluvium and hexavalent chromium Cr(VI) was conducted to determine
the mechanisms responsible for these reactions. This paper discusses re-
sults of a laboratory investigation. One significant result indicates that
desorption of Cr(VI) from alluvium occurs after the contaminated plume has
passed. 1Initial desorption of Cr(VI) is rapid; followed by a steady de-
crease. Adsorption, it was found, of Cr(VI) is by specific and nonspecific
mechanisms. Cr(VI) absorbed by nonspecific processes is desorbed by
chromium-free ground water. Stronger bonds formed between Cr(VI) and allu-
vium during specific adsorption result in slow release of this fraction;
thus, adsorbed Cr(VI) will serve as a secondary source of contamination long
after the original plume has passed.

Effects of pentachlorophenol on the methanogenic fermentation of phenol; by
Edward M. Godsy, Donald F. Goerlitz, and Garry G. Ehrlich. Pentachloro-
phenol (PCP) and creosote, two widely used pesticides, contribute potential
contaminants to ground-water resources. This paper describes a study to
investigate the interactions of PCP and phenol compounds on creosote in
anaerobic laboratory digestors. PCP was found to be inhibitory to the
methanogenic fermentation of phenol. The inhibition could be relieved when
the PCP concentration was low enough to undergo biodegradation.

The role of complexation and adsorption processes in toxic metal transport;
by James A. Davis and Christopher C. Fuller. The transport of toxic metals
in ground-water systems has become an important water-quality issue. This

research paper describes a detailed laboratory study of cadmium uptake into
a calcareous, sandy aquifer material. A strong complexing agent (EDTA) was

used to increase mobility of cadmium (II) while being present at very low
concentrations.
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CHAPTER A
THE ROLE OF GEOCHEMICAL PROCESSES IN HAZARDOUS-WASTE STUDIES
By Francis H. Chapelle, Columbia, S.C.
ABéTRACT

An important aspect of hazardous-waste studies is evaluating the
mobility of waste derivatives in the hydrosphere. Several kinds of geo-
chemical techniques are currently available that may aid such evaluations.
These include mass-balance, chemical-equilibria, and chemical-kinetic calcu-
lations. Depending on the type of problem and on the kinds of information
available, evaluations of waste mobility may range from quantitative to
qualitative. 1In all cases, however, such evaluations require an explicit
understanding of the geochemical processes that affect the waste materials.

This paper presents a series of idealized examples to illustrate how
geochemical techniques may be applied to waste-mobility problems. These
examples include:

1. A formulation of reactive solute transport in terms of a boundary value
problem.

2. A demonstration of how equilibrium speciation calculations can be
applied to complex-forming metals.

3. An evaluation of the solubility of metal-oxide compounds in aqueous
solution.

INTRODUCTION

Subsurface containment is commonly a technically and economically
feasible alternative for the disposal of hazardous wastes. In designing
subsurface containment structures, the ultimate goal is isolation of hazard-
ous material from the surrounding enviromment. Experience has shown, how-
ever, that perfect isolation is difficult, if not impossible, to achieve.

It is therefore important to evaluate the mobility of wastes or waste deriv-
atives in the hydrosphere.

Waste materials in subsurface repositories are acted on by physical,
biological, and geochemical processes. Distinguishing between these three
types of processes may be difficult because of their mutual interaction.
Geochemical processes, for example, usually occur within the framework of a
physical ground-water flow system, and many geochemical processes are bio-
logically mediated. While recognizing these complexities, this paper con-
centrates specifically on geochemical processes and their role in chemical
interactions between waste materials and the environment.

It is generally recognized that any quantitative evaluation of geo-
chemical processes is complex. The approach taken in this paper is to look
at specific geochemical processes with the goal of better understanding the
sources of this complexity. Several examples of how geochemical principles



can be used to evaluate mobilities of chemical species are presented to
illustrate how a knowledge, or at least an appreciation, of geochemical
processes may be useful in hazardous-waste studies.

HISTORICAL DEVELOPMENT OF GROUND-WATER GEOCHEMISTRY

The systematic study of rock and water interactions in the subsurface
is a relatively young discipline. Geochemical work in the early 20th cen-
tury was pioneered by F. W. Clark in the United States and V. M. Goldschmidt
in Norway, and centered on describing the composition of the Earth’s crust.
These workers studied the physical-chemical processes that influence and
(or) control the fractionation, migration, and deposition of chemical ele-
ments in geologic materials.

By the middle of the 20th century, it was recognized that the chemical
action of subsurface water controlled the occurrence of some types of eco-
nomic mineralization, such as roll-type uranium deposits (Krauskopf, 1967,

p. 526-531). This realization led to an increased interest in ground-water
geochemistry.

In the 1960’'s, fundamental principles of chemical equilibria were
applied to ground-water systems by Garrels and Christ (1965), Garrels and
Mackenzie (1967), and Bricker and others (1968). In addition, Garrels and
Mackenzie demonstrated the use of mass-balance calculations for identifying
important geochemical processes. During the 1970's and 1980's, computer
technology was increasingly used to perform complex geochemical calcula-
tions. Truesdall and Jones (1974) developed the program WATEQ (WATer
EQuilibrium) to perform chemical-speciation and equilibrium calculations.
Many such programs are now available, and several of them have been compared
by Nordstrom and others (1979). Parkhurst and others (1982) developed a
program called BALANCE, which performs mass-balance calculations. Parkhurst
and others (1980) developed a program called PHREEQE (pH REdox EQuilibria)
to couple chemical equilibria and mass-balance calculations. This program

is particularly useful in evaluating the reaction paths of chemical
processes.

The overall philosophy of developing reaction models for ground-water
systems has been summarized by Plummer and others (1983). The mathematics
of coupling chemical processes with ground-water diffusion and dispersion
processes has recently been summarized by Rubin (1983). An application of
this approach has been given by Valocchi and others (1981). Application of
similar techniques to surface-water systems has been documented by Bencala
and Walters (1983).

This brief history of ground-water geochemistry emphasizes that many
of the available theoretical tools are relatively new. Also, many of the
techniques (such as mass balance, chemical equilibria) were developed
specifically for natural (unaffected by human activities) rock and water
systems.

During the 1970's and 1980's, increasing attention was given to the

application of geochemical principles to hazardous-waste problems. This has
resulted in a significant, but generally unappreciated, change in the
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philosophy of ground-water-geochemistry studies. Where once it had been
sufficient to understand the chemical processes in a natural system, it was
now necessary to understand the change in that system produced by human-
induced hydrologic or chemical stresses. Keeping in mind the fact that
natural systems commonly are not well understood, evaluating changes in
these systems is much more difficult.

SOLUTE TRANSPORT OF REACTING CHEMICAL SPECIES

Quantitative Evaluation and Problem Formulation

In dealing with some hazardous-waste problems, it is desirable to
predict the migration of dissolved chemical species in space and time. In
some well-defined cases, this migration can be described quantitatively in
terms of a boundary-value problem. Commonly, these problems involve the
transport of a particular chemical by ground water under conditions of
saturated flow. For this case, the mobility of a particular chemical spe-
cies is governed by: (1) diffusion gradients, (2) dispersion by flowing
ground water, and (3) chemical reactions; for one-dimensional transport this
is described by the equation:

de d2c de
e 3t =D a%2 " Q 3% + CHEM (L)
Total change Change in mass Change in mass
in mass of due to hydrody- due to chemical
solute species namic processes reactions

where: = effective porosity;

= concentration of chemical species;

= coefficient of hydrodynamic dispersion;
= time;

average flow velocity;

distance; and

term defined by nature of chemical reactions.

(@]

jany

ExOﬁUO(D
I

[

Equation 1 is subject to particular boundary and initial conditions and is
based on the principle of conservation of mass; it is a general description
of solute transport in saturated porous media.

The physics of diffusion and dispersion are, for practical purposes,
similar for all problems. However, the physics of solute transport due to
chemical reactions depends specifically on the nature of the chemical reac-
tions. For some simple chemical reactions, the CHEM term can be evaluated
directly; for example, if a linear adsorption isotherm governs partition
between the adsorbed and aqueous phases (Konikow, 1981), then

dc
CHEM = - p ot
where: ¢ = concentration of adsorbed solute; and
p = bulk density of the solid.
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For more complex chemical reactions, however, the CHEM term cannot be evalu-
ated directly, and more sophisticated mathematical formulations are
necessary.

Rubin (1983) presents an elegant description of the relationship
between the nature of chemical processes and the mathematical formulation of
solute-transport problems. Rubin’s approach is based on a three-level
classification scheme of chemical processes (reproduced in fig. A-1). The
first level of classification (level A in fig. A-1) distinguishes between
kinetically fast reactions (sufficiently fast and reversible) and kinetic-
ally slow reactions (insufficiently fast and (or) irreversible). The second
level (level B) distinguishes between chemical processes occurring in a
single phase (homogeneous) and processes that occur between two or more
phases (heterogeneous). The third level (level C) distinguishes between
chemical processes that occur predominantly at the interface between phases
(surface) and those that are not restricted to phase interfaces (classical).
This classification scheme defines six general classes to which individual
chemical processes may be assigned. Because these classes reflect different
reaction properties, the mathematical formulation of solute-transport
equations is different for each class.

| CHEMICAL REACTIONS |

l//////////"' ‘i\\\\\\\\\\\

LEVEL A “SUFFICIENTLY FAST" “INSUFFICIENTLY FAST"
AND REVERSIBLE AND (OR) IRREVERSIBLE

LEVELB HOMOGENEOUS ] ’ HETEROGENEOUST rHOMOGENEOUS ] rHETEROGENEOUSv]

LEVELC |surFace| | cLassIcAL | | surFace | | cLassicaL |

' D D @D > ®

Figure A-1.--Classification of chemical reactions useful in solute-transport
analyses (modified from Rubin, 1983, p. 1232).

The approach described by Rubin (1983) can be illustrated with the
following example. Consider two solutes, c; and c,, that react quickly and
reversibly to form a third solute, cj;.

cy + oy T ¢y (2)
According to figure A-1, this reaction is classified as homogeneous (the

reaction involves only one phase; in this case, the aqueous phase), is
sufficiently rapid, and is reversible. Because the reaction is rapid, it is
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reasonable to assume equilibrium conditions at each point in the system.
Rubin (1983) terms this the Local Equilibrium Assumption. If known concen-
trations of solutes c; and c, are introduced into a one-dimensional flow
system at a particular time (that is, initial and boundary conditions are
known), the analysis can proceed as follows: The first step is to write
mass-balance equations for both ¢, and c, as they react to form cy:

dc, 8cg 8%¢c, dc, 8%c, dc,
®%c * %% “Paxz QU *PaE - QUi 3
and
dc, dc, d%c, dc, 8%c, dcg
©%c * 9% "Dz - Q% *tPamz - Qe (4

Equations 3 and 4 have three variables, c¢,, c,, and ¢4, associated with
them. A third equation is obtained by assuming local equilibrium throughout
the system. At equilibrium, the relationship between ¢, c,, ¢z, and the
equilibrium constant for the reaction is given by

CIRREPY

[es] Ke (3)
Equations 3, 4, and 5 are a system of three equations in three unknowns that
can be solved simultaneously to give ¢;, c,, and ¢; as a function of space
and time if boundary and initial conditions are specified. This is gener-
ally accomplished by making numerical approximations to the equations and
solving them with the help of a computer.

The development of equations 3, 4, and 5 is presented to point out
several important aspects of these problems:

1. The nature of the operative chemical reactions must be known explicitly
before the mathematical analysis can be performed.

2. The mathematical formulations will be different for different chemical
processes.

3. The number of chemical species that can be considered is limited by the
complex nature of the resulting simultaneous partial differential
equations.

4. Systems characterized by several different classes of reactions--that
is, fast reversible reactions occurring simultaneously with slow
irreversible reactions--cannot be treated simply.

5. Well-defined boundary and initial conditions are needed to obtain
solutions.

In many systems, the practical problems of determining the chemical
reactions among a large number of solute species, with several classes of
reactions operating simultaneously or with indefinable boundary and initial
conditions, may preclude the use of the boundary-value problem approach. In
cases where this approach is not practical, other more semiquantitative or
even qualitative procedures may be useful.
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Semiquantitative Evaluation of Geochemical Processes

In the previous section, it was shown that the transport of some
reacting solutes may be described quantitatively in terms of boundary-value
problems. However, if a large number of reacting solutes are present or if
boundary and initial conditions cannot be specified, meaningful solutions to
these problems may not be feasible. In such cases, semiquantitative or even
qualitative descriptions of geochemical processes can be useful. To illus-
trate how such semiquantitative evaluations may be used, two important types
of geochemical processes are considered in detail; these are chemical-
speciation reactions and dissolution-precipitation reactions.

The term "semiquantitative" is appropriate in this context for several
reasons. First, these types of calculations are often based on the princi-
ples of equilibrium chemistry. Although this approach can be a powerful
tool, the results depend, among other things, upon (1) the accuracy of
available thermochemical data, and (2) the degree to which a specified
system approaches equilibrium. Because the thermochemical data for many
substances of interest in hazardous-waste studies are uncertain, the
accuracy of equilibrium calculations are commonly uncertain. Also, equilib-
rium chemistry does not evaluate the rate at which chemical processes
operate. In some cases, it may not be reasonable to assume equilibrium

conditions. These factors must be carefully considered when applying these
techniques.

Chemical Speciation

The geochemistry of metals, particularly transition metals, in aqueous
solutions is extremely complex. Much of this complexity arises from the
many different dissolved metal species that may exist at equilibrium.
Depending on solution ionic strength, pH, and redox conditions, several
dissolved species of the same element may coexist. It is important to
realize that most chemical analysis techniques for metals gives the sum of
all species present. Thus, it is impossible to determine metal speciation
from the water analysis alone. Because different species may exhibit dif-

ferent properties, however, information on metal speciation is extremely
important.

Because it is difficult to measure metal speciation, how is this
problem evaluated? One commonly used approach in the geochemical literature
is to calculate a speciation on the basis of equilibrium chemistry. The

following example of this approach is paraphrased from Nordstrom and others
(1979).

Assume that radioactive strontium (°°Sr), which is an unstable isotope
that is present in some types of radiocactive hazardous wastes, ig present in
solution and that it forms free Sr? ions and the ion pair SrCO; . The
solution also contains free C0;2 1ions. If a water analysis is available,
the molality of total strontium (ertot) and the mo$ality of total carbgnate
(mCO3 ) are known. The question is, how much Sr? and how much SrCO; are
preseng simultaneously in the solution? If the solutions are dilute and
molalities are approximately equal to activities, the analysis can proceed
as follows:
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The mass balance of this system is given by

+ o
- 2
ertot mSr + mSrCO4 (6)

and

mCOs_ . = mCO52" + mSrco,° (7)
tot

At equilibrium, the condition

(mSrC0,°)

K = (8)
4 (msrzty(mco,27)

also applies. Solving equation 8 for er003° gives

mSrcoz° = Ko (mSr2 1) (mcos27) (9)
Substituting equation 9 into equations 6 and 7 gives
_ 2+ 2+ 2°
ertot mSr + Keq(er ) (mC042 ) (10)
and
mCO, . = mCO;" + K_ (er2+)(mC032-) (11)
Because mSr? mCO3 _ and K are known, the concentrations of mSr2"

and mSrCO,4 cantge calcuia%ed by stHultaneous solution of equations 10 and
11. This is generally accomplished by an iterative procedure based on
successive approximations. In dealing with most natural waters, equating
the molalities and activities of dissolved components is a poor approxi-
mation. In actual practice, therefore, activity coefficients are calculated

for each dissolved species, and this problem is solved in terms of
activities.

In natural systems, more than two strontium species may be present.
The total number of simultaneous equations therefore depends on the number
of species considered. Several different chemical equilibrium models (such
as WATEQ), which use computers to calculate activity coefficients and to
solve the simultaneous equations, are currently available (Nordstrom and

others, 1979). The accuracy of the calculated speciation depends on several
factors:

1. The accuracy of available chemical analyses.
2. The accuracy of calculated activity coefficients.

3. The accuracy of thermochemical data used to calculate equilibrium
constants.

4. The degree to which the natural system has approached equilibrium.

Each of these factors presents difficulties that depend on the metals under
consideration.
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Dissolution-Precipitation Reactions

In hazardous-waste studies, questions are frequently asked concerning
the "solubility" of metal compounds. This really is a two-part question
because metal solubilities are determined by chemical speciation (see the
previous section) and by the stability of aqueous species with respect to a
solid metal phase. In practical terms, an equilibrium concentration of
aqueous metal species must be defined in terms of one particular solid metal
phase. If more than one solid substance that contains the metal is present
(such as zinc oxide coexisting with zinc hydroxide), then a unique equilib-
rium concentration of dissolved zinc is difficult to define. 1In these cases
of competing equilibria, reaction kinetics must be considered. The fol-
lowing example of the equilibrium approach is paraphrased from Stumm and
Morgan (1981).

Many metal-treatment processes involve the use of zinc compounds;
thus, the waste materials of these processes commonly contain zinc oxides.
The question, therefore, is what concentration of dissolved zinc may occur
in equilibrium with ZnO? For this type of problem, it is convenient to
construct stability diagrams for the system under consideration. To do
this, the possible reactions of the solid phase (ZnO) with solute species
are written with the pertinent thermochemical data.

— 2%
ZnO(S) + 2H (aq) = = Zn (aq) + H2O(L) (12)
log Kl = 11.2
+ +
ZnO(s) + H (aq) TE==——=> ZnOH (aq) (13)
log X, = 2.2
- +
Zn0( ) + 2Hp0 ) w==—==>  Zn(OH)g ..+ H (14)
log K3 = -16.9
== 2° 2 +
ZnO(s> + 3H20(L) = Zn(OH)4(aq) + 2H (aq) (15)

log K, = -29.7
Forming the reaction quotients of these equations gives
(aZn2+)(aH20)

K, = " (16)
(aZn0) (aH )?

+
K, - —LaZooD (17
(aZn0) (aH )

(aZn(OH) ;) (aH™)
(aZn0) (aH,0)?

K, - (18)
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(azn(OH)2 Y (aH")2
(aZn0) (aH,0)

K, = (19)

Setting the activities of solid ZnO0 and liquid H,0 equal to 1, taking logs,
and rearranging, gives

log azZn2’ - log K; + 2 log a” (20)
log azn(oH)" = log K, + log aH' (21)
log aZn(OH); = log K3 - log aH” (22)

log azn(OH),?” = log K, - log 2aH’ (23)

These equations are linear in log-log space and can be used to con-
struct a stability diagram. Figure A-2 shows a stability diagram con-
structed by plotting these equations. This diagram illustrates that for pH
less than 7.0, concentrations of total dissolved zinc greater than 10 2
molar (650 mg/L) can exist in aqueous solution at equilibrium. However, at
a pH of 10.0, concentrations of total dissolved zinc will not exceed 107
molar (0.065 mg/L) at equilibrium.
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Figure A-2.--Concentrations of Zn2" species in
equilibrium with solid Zn0O in relation to pH.
(Modified from Stumm and Morgan, 1981, p. 173.
Copyright 1970, John Wiley, Inc.; reproduced
by permission.)
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The extent to which calculations such as these can be applied to real
systems depends on the nature of the specific problem. Obviously, if the
reactions are extremely slow, assumption of equilibrium with respect to a
particular solid phase may not be valid. In some cases, however, this type
of approach may be useful.

CONCLUSIONS

An understanding of geochemical processes can significantly aid
hazardous-waste studies. In some instances, diffusion-dispersion and chemi-
cal equations may be coupled to describe solute transport in space and time.
If a system is too complex for this treatment, or if boundary and in<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>